The study evaluated the interactions of puberty and obesity on substrate oxidation of overweight girls (n = 38) and boys (N = 35; BMI > 85th percentile) matched for gender, age, and puberty (pre/pubertal) with normal weight girls and boys. Metabolic rates (VO 2 ) were obtained during rest and at 4, 5.6 and 8 k/h. Carbohydrate oxidation rates (mg/kgFFM/min) adjusted for % predicted VO 2max , were higher for prepubertal OW children than pubertal children (p < .03). Fat oxidation rates were higher for NW prepubertal boys compared with other boys. Results indicate that OW children, regardless of gender or pubertal status, increase their carbohydrate oxidation rate to compensate for higher than normal metabolic rates. The effects of obesity on the substrate use is marginally related to puberty.
Puberty has a profound effect on substrate (carbohydrate and fat) oxidation during exercise. The general notion is that prepubertal children have higher fat oxidation rates and lower carbohydrate oxidation rates than post pubertal children (23) . This difference could be related to changes in insulin resistance know to occur with advancing pubtertal stage, or possible changes in growth hormone, IGF-1 or catecholamines (23) . Most of what we know about pubertal effects on substrate oxidation during exercise comes from studies of boys (3, 24, 28, 31) and there is little information on girls (19, 30) . However, Rowland (26) has suggested that the substrate oxidation rates (carbohydrates and fats) do not differ between the genders during submaximal exercise. Timmons et al. (30) and Riddell (23) have recently question that belief, suggesting that since the sex hormones differ between genders and the metabolic hormonal responses to exercise differ between the genders, particularly insulin, one would expect gender differences (15) . In contrast, there is little support for the notion that the gender differences are related to estradiol level (29, 30) . Regardless of any mechanism, we were unable to find any studies that directly compared the metabolic responses of boys and girls that included puberty.
Another factor influencing substrate use during exercise is obesity. Like puberty, obesity modifies both the metabolic hormones and the metabolic responses to exercise (7, 20) . Obese children have reduced growth hormone (7, 33) and greater leptin, cortisol, and insulin levels (8) compared with normal weight individuals, and their epinephrine response to exercise can be blunted (20, 34) . In general, with the exception cortisol (8) , these hormonal responses have the potential to inhibit lipid oxidation (20) . Obesity also blunts the influence of estrogen on fat metabolism (20, 33) , which suggests an interaction between genders and puberty in obese youth. However, a relationship between substrate utilization during exercise and body fat content has not been fully explored taking gender and pubertal status into consideration.
Most of what we know about the influence of obesity on substrate oxidation during exercise in children comes from studies of boys. One study (21) has shown that the resting metabolic rate of obese children (adjusted for lean body mass) is higher than normal weight children; while their fat oxidation is greater and carbohydrate oxidation is lower than normal children. These findings suggest that obese children may preferentially use fats over carbohydrates at rest. However, the preferential oxidation of fats by overweight boys does not occur during exercise, since several studies have shown that obese boys, compared with normal weight boys, rely less on fat (per kg fat free mass) and more on carbohydrate during moderate or high intensity exercise (3, 17, 35) . To offset the reduced fat oxidation, carbohydrate use must increase (17) . Presently, we do not know if this happens in girls. If fat conservation is occurring in obese children, and prepubertal boys and girls preferentially oxidize more carbohydrate, this could be contributing to the difficulty of weight management. In addition, if girls use more fats during exercise than boys, as suggested by adult data (1) , this could provide a benefit for weight loss particularly for post pubertal girls. However, the combined influence of gender, puberty and obesity on substrate oxidation during exercise has never been explored. Thus, the purpose of this study was to compare carbohydrate and fat oxidation rates at rest and during exercise between prepubertal and pubertal, overweight and normal weight girls, and to compare their responses to overweight and normal weight boys of similar pubertal development. Our hypotheses were that overweight girls, compared with normal weight girls, would have no differences in fat, but increased carbohydrate oxidation as exercise intensity increased, similar to boys, and the post pubertal girls would use more fats during exercise than prepubertal girls or boys in general (23, 29) .
Methods

Participants
The study used a matched-pair, repeated measures design. Overweight children were matched for gender, age, height, and pubertal status (prepubertal/pubertal) with normal weight children. Matching allowed us to have a normal weight control for each overweight participant which was important, when considering the age range of our subjects. Participants were obtained from a study of energy expenditure of children (12) . As reported elsewhere (12) , 295, 8-18 year old children were first classified as normal or overweight based up their body mass index (BMI), using gender and age specific US Center for Disease Control (5) criteria: <85th percentile = normal and >85th percentile = overweight. This classification resulted in 80 overweight children. The 80 overweight children were then matched for gender, age (±1 y), pubertal status (pre/pubertal) and height (±2 cm) with normal weight children. The results were 38 pairs of girls and for comparison 35 pairs of boys. Seven overweight children could not be matched with normal weight children because of their height. Fifteen sets of girls were classified as prepubertal and had not started menstruating, while the remaining pairs were considered pubertal. For the comparison boys, 15 pairs were also classified prepubertal (22) , while the additional 20 pairs were considered pubertal (developmental stages 3-4). All procedures were approved by the university's Internal Review Board and the children signed assent forms while the parents signed their consent.
Instrumentation
Height was measured using a stadiometer (Perspective Enterprises, Portage, MI, USA) and body mass was obtained using a calibrated balance-beam scale (Detecto, Webb City, MO, USA). Triceps and subscapular skinfolds were obtained in triplicate using Lange Calipers (Cambridge Scientific Instruments, Cambridge, MD, USA). Metabolic responses were measured breath-by-breath at rest and during exercise using the COSMED K4b 2 portable metabolic system (COSMED, Rome, IT), which was calibrated immediately before each trial. Pubertal development stage (Tanner Stages 1-5) was determined using the Pubertal Development Scales (PDS), a self-administered questionnaire. The PDS is a noninvasive indicator of pubertal status (22, 25) and has adequate correlation with physician ratings of sexual maturity based on the Tanner scale; r = .61-0.67 (4) . The questionnaire for girls included a question regarding the onset of menarche and girls that had not started menstruation (stages 1 & 2) were defined as prepubertal. Thus, stages 1 and 2 for the boys were also classified as prepubertal.
Procedures
Children participated in two sessions. The children reported for both sessions at least 3-hr post absorptive. During the first session, consent was obtained from the parent and assent from the child. The children were then given time to become comfortable walking or running on the treadmill. This was followed by ample rest (>10 min), during which height, body mass, and skinfolds were measured. From these measures body mass index was computed (kg/m 2 ) and percent body fat was estimated using the gender and race specific equations of Slaughter et al. (27) . The children were then fitted with the COSMED system and given time to become comfortable breathing through the mask. From this point forward, the two sessions differed in activities. During one session resting metabolic measures were obtained during a 15 min reclining rest in a quiet room. In the same session responses to running at 8 k/h (5 m/h) were obtained for 10 min. In the other session the responses to walking at 4 k/h (2.5 m/h) and 5.6 k/h (3.5 m/h) were obtained in that order during 10 min bouts at each speed. These speeds were chosen because they represented light, moderate, and vigorous intensities for most children (12) . The presentation of the activity sessions to the children was counterbalanced.
Analytical Methods
For the 10 min exercise bouts, minutes 1-3 and the last minute of data collection were omitted to improve the likelihood of steady-state. The remaining 6 min of breath-by-breath measures were examined and breaths greater than two standard deviations from the mean were eliminated. The remaining data were averaged to produce oxygen uptake (VO 2 ), carbon dioxide output (VCO 2 ) and respiratory exchange ratio (RER) for each minute. The data were then examined by one researcher (RGM) to determine steady-state. The child must have had a minimum of three minutes of steady state data to be included in any analysis. If not, their data were eliminated from the analyses. This procedure resulted in the elimination of three pairs of girls (overweight & normal weight) for the 8 k/h trials, as well as two pairs of boys). For resting measures, the first 5 min and last minute of data were also eliminated and the remaining 9 min of data were used. From the exercise and resting data, carbohydrate and fat oxidation was computed using the equations developed by Frayn (10) . These equations were developed to correct for assumptions in the metabolic processes that are not met in indirect calorimetry when using nonnormal individuals such as children and the obese. In addition, predicted maximal oxygen uptake (pVO 2 max) was estimated from the heart rate and VO 2 responses to the three levels of exercise (18) . The limitations of predicting VO 2max were realized, but in our experience and the experiences of others (6) , obtaining an accurate measure of aerobic power in children and especially overweight children has shown to be difficult. Because of this limitation, the prediction was used only to estimate the intensity of the exercise.
Descriptive statistics (Mean± SD) were computed by gender, pubertal status (pre/pubertal), and weight group. Mixed model analyses (PROC MIXED, SAS, Cary, NC) were used to determine if there were differences in metabolic rate and substrate use between the genders, pubertal status, and/or weight groups at rest or any of the three speeds of ambulation. Possible interactions were also explored. A p-value of 0.05 was set apriori. When these overall mixed model analyses were significant, ANOVAs were computed separately within each of the speeds and rest to determine differences between gender, pubertal status, and weight group, as well as any interactions between the three characteristics. Further regression analyses were computed to determine if fat or carbohydrate oxidation differed between the genders, pubertal status, and weight groups and when accounting for percent of pVO 2 max and fat free mass (FFM). Because of the large variability in percent of pVO 2 max at each of the three speeds, these data are not presented in the Results Section, but the analytical results are stated. Any significant interactions of pubertal status, gender and weight group were further explored using t test.
Results
The characteristics of the girls and boys are presented by pubertal status and weight groups in Table 1 . As expected, the body mass, BMI, BMI percentiles, percentages of body fat of the overweight group were greater than the normal weight group (p < .0001). In addition, as anticipated, the prepubertal girls had lower body masses, BMIs and bodyfat percentages than the pubertal girls; however, the prepubertal girls' pVO 2 max was higher (p < .05). For comparison, the boys in general (over and normal weight) weighed more than the girls (p < .05); except the overweight prepubertal girls weighed more than the prepubertal overweight boys (p < .05). In addition, the BMIs of the boys were less than the girls (p < .0002); especially in the overweight group. The BMI percentiles were similar for the overweight boys and girls (p > .05), but differed for the normal weight boys and girls depending upon pubertal status, with the girls being lowest prepubertal and highest pubertal compared with the boys (p < .007). Percent bodyfat was greater for the girls than the boys (p = .0001), regardless of pubertal status or weight group. Furthermore, the body fat of the pubertal girls was greater than the prepubertal girls; whereas the body fat of the pre and pubertal boys were similar (gender x puberty interaction: p > .05). Finally, the pVO 2 max (mL/kg/min) was less for the girls than the boys (p = .005). Furthermore, the pVO 2 max of the normal weight girls was lower in the pubertal group, whereas the pubertal group of normal weight boys had higher pVO 2 max than the prepubertal group (p = .005).
General Metabolic Responses
Puberty and Gender Comparisons Table 2 presents the metabolic responses at rest and during exercise. The VO 2 expressed in absolute terms of L/min was always greater in the pubertal girls than the prepubertal girls; regardless of weight status. When VO 2 was expressed in terms of mL/kg/min, the prepubertal girls in general had higher values than the pubertal girls, regardless of weight status (p = .0001). The prepubertal and pubertal girls, both overweight and normal weight, were exercising at a similar percentage of maximal capacity (p = .46). Finally, the RERs of the normal weight pubertal girls were lower than the normal weight prepubertal girls at rest and at 4 k/h; however, no significant differences in RERs were evident between the two groups at 5.6 or 8 k/h. Both overweight and normal weight girls had lower absolute VO 2 s than the similar groups of boys, at rest and all three speeds (p = .015). Puberty increased the absolute VO 2 of the boys similar to the girls, regardless of weight status; e.g., lower prepuberty in all conditions (p = .0001). The boys, in general, had slightly higher overall VO 2 s when expressed in mL/kg/min than the girls (p = .015), but examination within each specific speeds revealed significant differences only at 8 k/h (p = .022). Pubertal status had the same effect on VO 2 (mL/kg/min) for both the overweight and normal weight boys as previously mentioned for the girls (p = .017). The overweight and normal weight boys were exercising at a lower percentage of maximal capacity than the similar groups of girls, at all three speeds (p < .006). In addition, there was a significant gender-by-pubertal status interaction (p < .04); in that the prepubertal boys were exercising at a higher proportion of maximal capacity at 4 and 5.6 k/h than the pubertal boys, while the prepubertal and pubertal girls were exercising at a similar percentage of maximal capacity for all speeds. The RERs at rest and during exercise were not different between the genders (p > .31) and there was no gender-by-pubertal interaction (p > .16).
Weight Status, Puberty and Gender Interactions The VO 2 expressed in absolute terms of L/min was greater in the overweight girls and boys compared with normal weight girls, regardless of pubertal status (p < .001). The normal weight girls (and boys) had higher values for VO 2 expressed in mL/kg/min, than the overweight girls (p < .0001). Because of the lower pVO 2 max of the overweight girls or boys, the percent of pVO 2 max for each intensity was greater than for the overweight weight group, but only significant at the 4 and 5.6 k/h speeds (p = .014). The overweight girls had slightly higher RERs than the normal weight girls (p < .057), but analyses within each speed found significant differences only at the 4 k/h (p = .001). Due to the large variability, the RERs of the overweight and normal weight boys were not significantly different at rest or any speed (p > .05). There were no significant weight status-by-puberty interactions (p > .13).
Carbohydrate and Fat Oxidation
Puberty and Gender Comparisons The absolute carbohydrate oxidation rates (g/min) are seen in Figures 1. The information on the girls is presented in the top panel. Carbohydrate oxidation rates were higher in the pubertal girls than the prepubertal girls at rest and at all exercising speeds (p = .0003), regardless of weight status. Although the data are not presented, when the carbohydrate oxidation rates were adjusted for percent pVO 2 max, pubertal differences were not evident at rest or the lower speeds (p > 0. 12); however, at 8 k/h the pubertal girls, both normal and overweight, still had higher rates of carbohydrate oxidation than the pubertal girls (p = .0001). The absolute carbohydrate oxidation rate (g/min) of the boys is presented in the lower panel of Figure 1 . The carbohydrate oxidation rates for the boys at all conditions were similar to the girls (p > .68) and pubertal status had the same effect for the boys as for the girls, with pubertal boys having greater carbohydrate oxidation rates at all exercise intensities than the prepubertal boys, regardless of weight status. Like the girls, after adjusting for percent pVO 2 max the pubertal boys had higher oxidation rates at 8 k/h than prepubertal boys (p = .0001; data not shown). Absolute fat oxidation rates (g/min) are presented in Figure 2 . Generally, fat oxidation was greatest at 4 k/m and declined as speed increased (p = .0001). The pubertal girls had greater fat oxidation rates than the prepubertal girls at rest and at the lower two speeds (p = .0001). When adjusted for percent pVO 2 max (data not shown), fat oxidation rates were higher in the pubertal girls compared with the prepubertal girls for the 4 and 5.6 k/h trials (p = .0003), but not at 8 k/h (p = .368). Fat oxidation rates were lower for the boys than the girls at rest (p = .006), but did not differ between the genders at any speed of ambulation (p > .48), or when adjusted for percentage of pVO 2 max (p > .35). Like the girls, after adjusting for percent pVO 2 max, the pubertal boys oxidized more fats than the prepubertal boys (p = .0001) at 4 and 5.6 k/h, but not at 8 k/h. Figure 3 presents the carbohydrate oxidation rates per kilogram fat free mass (FFM) for the girls and boys. Carbohydrate oxidation rates increased with speed of ambulation and were greater in the prepubertal girls than the pubertal girls at rest, 4 and 5.6 k/h (p = .002), regardless of weigh status. These differences were not evident when adjusting the analysis for percent pVO 2 max (p = .17). For the boys, the prepubertal boys had higher carbohydrate rates per kilogram FFM than the pubertal boys (p < .006) for all conditions and like the girl, these differences were eliminated when adjusted for proportion of maximal capacity (p = .98). Finally, there were no gender differences in carbohydrate oxidation rates per kilogram FFM (p = .23). Figure 4 presents the fat oxidation rates per kilogram FFM. Fat oxidation rates of the girls, regardless of weight status, were highest for the 4 k/h trial and lowest for the 8 k/h trial (p = .010). There were no differences between the pubertal groups, even when adjusting for percent pVO 2 max (p > .80). For the boys (regardless of weight status), there were no differences in fat oxidation rates per kilogram FFM when comparing speeds (p = .184), but the prepubertal boys had higher fat oxidations than the pubertal boys (p = .039); which remained significant after adjusting for percent pVO 2 max (p = .023). Fat oxidation rates per kilogram FFM were similar between the genders (p = .832) and when gender comparisons were adjusted for percentage pVO 2 max (p > .12).
Weight Status, Puberty and Gender Interactions. Carbohydrate oxidation rates (g/min) were higher for the overweight girls than the normal weight girls, regardless of pubertal status (p < .001), especially at the highest speed (Figures 1). The differences remained even when adjusted for percent of pVO 2 max (p = .024). Furthermore, at the highest speed (8 k/h) the pubertal overweight girls oxidized more carbohydrates than the prepubertal overweight girls (p = .026). Similar results were evident for the boys. In addition, carbohydrate oxidation rates did not differ between the overweight girls and boys (p > .61). Fat oxidation rates ( Figure 2) were not different between normal and overweight girls (p > .43), or when adjusted for percentage of pVO 2 max (p = .307). There were no differences in fat oxidation between the overweight girls and boys (p > .41). There were no significant genderby-puberty-by-weight status interactions (p > .48).
When carbohydrate oxidation rates were expressed per kilogram fat free mass (Figure 3 ), the overweight girls had greater rates than the normal weight girls at all three speeds of ambulation (p = .014), but when adjusted for percentage of pVO 2 max the differences in weight groups was eliminated (p = .128). Furthermore, the prepubertal overweight girls had higher carbohydrate oxidation rates than the pubertal overweight girls at rest and during ambulation at 4 and 5.6 k/h (p < .03). The carbohydrate oxidation rates per kilogram FFM were greater in the overweight boys compared with the normal weight boys, regardless of pubertal status (p = .0002). There was also a weight status-by-puberty interaction for the boys (p = .013), in that the oxidation rates of the prepubertal overweight boys was greater than the pubertal overweight and normal weight boys regardless of pubertal status. When comparing the genders, the overweight boys appear to have a slightly lower carbohydrate oxidation rate per kilogram FFM than the overweight girls, but the differences were not statistically significant (p = .08). Fat oxidation rates per kilogram FFM ( Figure 4) were similar between the normal and overweight groups (p > .54) and when adjusted for percentage pVO 2 max (p > .29). Finally, there were no statistical differences in fat oxidation rates per kilogram FFM between the overweight girls and boys (p > .41), and there were no significant gender-bypuberty-by-weight status interactions (p > .34).
Discussion
The focus of this study was to compare substrate oxidation rates at rest and during various exercise intensities between overweight and normal weight, prepubertal and pubertal, girls and boys. The interactions are complex and this study appears to be the first study to examine the interactions of puberty, gender and obesity on substrate oxidation during exercise in children. We had anticipated that because of the hormonal adjustments of puberty and obesity, both would influence substrate oxidation. The results suggest that obesity has a similar effect on both prepubertal and pubertal girls and boys, in that it increases absolute carbohydrate oxidation, but has minimal effect on absolute fat oxidation. Since absolute fat oxidation was similar between overweight and normal weight children regardless of pubertal status, increased carbohydrate oxidation in the overweight child was required to meet their energy requirements (16, 17, 35, 36) . The absolute carbohydrate oxidation rates (g/min) of the prepubertal overweight children was less than the pubertal overweight children and this difference was most likely due to the smaller muscle mass of the prepubertal children requiring less energy, but was also in part, related to the accumulation of fat mass.
Effects of Pubertal Status
The influence of pubertal status was evident at rest and all speeds, but particularly at the highest speed, where the pubertal girls and boys had higher absolute carbohydrate oxidation rates (g/min) than the prepubertal girls or boys. These results are similar to those reported by Timmons et al. in boys (31) and in 12 versus 14 year old girls (30) . Absolute fat oxidation rates were also higher at rest and at the two lower speeds for pubertal versus the prepubertal children. The greater absolute substrate oxidation rates for the pubertal children has been previously reported by others (3, 30, 31) and may have been simply due to the fact that the pubertal children required more substrate to support their greater size and higher absolute metabolic rates.
When oxidation rates were expressed per unit of fat free mass, the carbohydrate oxidation rates of the prepubertal girls or boys were higher than the pubertal girls or boys at rest and during the two lower speeds of ambulation (4 & 5.6 k/m). This agrees with previous findings in studies of girls (30) and boys (28, 31) . The greater rates of carbohydrate oxidation relative to fat free mass in the prepubertal girls were probably related to them exercising at a slightly higher proportion of maximal capacity than the pubertal girls or boys. In support, when we adjusted the analysis of carbohydrate oxidation for percent of pVO 2 max no significant effect of pubertal status. This finding is in opposition to previous studies in boys (28, 36) or girls (30) in which there were greater carbohydrate oxidation in prepubertal children at comparable percentages of maximal intensity. The cause of these differential findings is unknown, but in the study of girls (30) , their young girls were a mix of non-and menstrual girls where as our prepubertal girls were all nonmenstrual. The studies of boys (28,36) also used differing strategies for classifying pubertal status than we did: e.g., comparing only developmental stages 1 versus 5 (36), or pre, mid and late puberty (28) .
Although carbohydrate oxidation rates were similar between genders, differences in fat oxidation between girls and boys were evident and the differences were dependent upon pubertal status. Fat oxidation rates per kilogram FFM were similar for the pre and pubertal girls. This was not expected, since elevated estradiol and growth hormone that occur postmenstrual have been linked to increased fat oxidation (1, 23) . However, girls midpuberty also experience an increase in insulin which tends to suppress beta oxidation. Thus, the conflicting hormonal signals may have offset each other. Somewhat in support, Zderic et al. (34) using a small sample of women, have reported no differences in substrate oxidation rates during low-to-moderate intensity exercise (<45%VO 2peak ) between high and low estradiol phases of the menstrual cycle; however fat oxidation was increased at higher intensities. In addition, none of our girls could be considered developmental stage 5 and only a few were stage 4. Thus, the typical adult patterns may not have developed. In contrast to the girls, the pubertal boys had lower fat oxidation rates per kilogram FFM than the prepubertal boys. The lower rates are consistent with previous findings (3, 24, 28, 31) and may be related to puberty increasing testosterone, decreased sensitivity to insulin (23), or higher lactates interfering with beta oxidation (20) . Our gender and pubertal results may also be related to the fact that we were unable to obtain and control for phase of menstrual cycle in our pubertal girls. This is a limitation of the study.
Research suggests that pubertal girls should have increased rate of fat oxidation compared with prepubertal girls (1, 30) . Our RER and fat oxidation rates point out that this occurred in the girls at rest and during low-to-moderate intensity exercise; however, as the intensity increased pubertal differences diminished, particularly when adjusting for proportion of maximal capacity. Even when carbohydrate oxidation rates were adjusted for FFM and proportion of pVO 2 max, the same trends were apparent. These findings suggest that any potential influence of the ovarian hormones on fat oxidation in pubertal girls may be overshadowed at higher intensity exercise by the carbohydrate requirements, or possibly an effect of the catecholamines; however; this point is in need of further study. Perhaps if we had been able to control the phase of the menstrual cycle for our trials in the pubertal girls, we may have been able to detect differences; once again, a weakness of the study.
Gender Differences
There were little differences in carbohydrate oxidation at rest between boys and girls; however, fat oxidation rates were higher at rest in girls than boys. These gender-related differences were eliminated when oxidation rate was expressed per kilogram of FFM. During exercise, fat oxidation rates were similar between the genders; overall, when adjusting for fat free mass or when taking proportion of aerobic power into consideration. Conversely, carbohydrate oxidation rates were generally higher for the boys than the girls when exercising at the same proportion of maximal metabolic rate. Again, the differences were eliminated when adjusting for fat free mass. This is a novel finding, since a direct comparison using matched groups has not been previously reported. Timmons et al. (30) have suggested (but did not provide data) that there may be gender-differences in substrate oxidation. However, our data and those of Rowland et al. (26) do not support this statement and suggests that there is a similar capacity to use carbohydrates between the genders. In addition, Janyacharoen et al. (14) has shown that in Thai individuals who eat habitually high carbohydrate diets, there are no gender-related differences in substrate oxidation rates. Our results also suggest that in children, gender has only a small effect on substrate use during exercise, but fat free mass has a more important role. These results were not anticipated based on the adult literature, which has indicated that women oxidize a greater proportion of fats during submaximal exercise than men (29) . The difference may have been related to four factors. First, our children were only three hours postabsorptive rather than fasted overnight and this may have influenced the results. Second, the short duration of the exercise in our study may not have presented sufficient time to exacerbate gender-related differences in substrate oxidation. Third, we divided the girls into pre and pubertal girls and did not control for menstrual cycle in the late pubertal children, such that the effects of estrogen levels may have complicated our results (34) . Fourth, our pubertal girls were early adolescents and had not fully developed (stage 5) which would have influenced substrate oxidation. In general, we found little difference in carbohydrate or fat oxidation between boys and girls and any absolute differences that occurred were eliminated when FFM or percentage of pVO 2 max were taken into consideration; thus, when studying substrate oxidation in nonfasted children, both genders can be grouped together, so long as fat free mass or percent of maximal capacity is taken into consideration.
Weight Status
Overweight girls and boys had higher absolute metabolic rate at a given speed of ambulation compared with normal weight children of either gender, with the additional energy (g/min) coming from the oxidation of carbohydrates, as fat oxidation was similar between normal and overweight groups. These differences between normal and overweight girls or boys persisted when taking into consideration the proportion of pVO 2 max or FFM. In addition, pubertal status did not appear to influence the findings (e.g., no puberty-by-weight group interaction).
We anticipated that the overweight girls, like boys, would have higher fat oxidation and less carbohydrate oxidation at rest, based on the findings of Paz Cerezo et al. (21) . We did not find this difference. The differences between our results and those of Paz Cerezo et al. were probably related to the fasting state of the children in the Paz Cerezo study, versus the 3-hr postprandial state of our subjects. In defense of our findings, Zunquin et al. (35) has also shown no differences in fat oxidation at rest in obese and normal weight boys, when only 2-hr postprandial and our data follow the same trend. Therefore, our results extend the findings of Zunquin et al. to include girls. Although fasting reduces the impact of food intake on substrate oxidation, children rarely exercise after an over-night fast, thus our results may be more relevant to real life.
Fat oxidation rate per kilogram fat free mass appeared to peak at approximately 30-40% VO 2max (~4 k/h) for both normal and overweight children, regardless of pubertal status (Figure 4) . This trend was similar to what previous reports in normal and overweight boys (17, 28) . However, others (3, 24, 35) found peak fat oxidation occurred at approximately 50-60% of peak VO 2max using cycle ergometry. The differing results could be related to mode of exercise (cycling vs. running), differences in the control of preexercise diet, the lower aerobic capacities of our girls and higher capacities of our boys compared with others, or our use of a more heterogeneous sample. This finding suggests that although fat oxidation rates may differ between prepubertal and pubertal normal and overweight boys and girls, their ability to maximally oxidize fats occur at approximately the same proportion of peak capacity.
Zunquin et al. (35) reported that obese pubertal boys have a lower fat oxidation rate than lean boys at exercise intensities >40% of peak capacity. Our data in the boys (Figure 4) , adjusted or unadjusted for percentage of pVO 2 max, generally follows that expected trend for the very high intensity exercise (8 k/h or 60-90% pVO 2 max), but not for the 5.6 k/h trials (40-60% pVO 2 max). These inconsistent results make comparisons between studies difficult. However, speculation might suggest that the overweight youth had a greater proportion of type II muscle fibers (13) , lower growth hormone (7), and higher insulin levels (7) which may impede fat oxidation. Interestingly, the girls did not follow the same trend and there were no differences in fat oxidation rate between overweight and normal weight, pre and pubertal girls. We had anticipated that the pubertal overweight girls would have lower fat use compared with the normal weight girls because obesity tends to blunt the influence of estrogen on fat metabolism (20) , but this did not appear to occur. Since obesity has the same effect on growth hormone and insulin in girls as the boys, the present findings suggest that growth hormone and insulin differences are not the cause of the pubertal differences. Although the subjects were asked to be 3-hr post prandial, the differences may simply be compliance.
Carbohydrate oxidation was greater at rest and during exercise for overweight children than normal weight children; both girls and boys. These results remained consistent when accounting for differences in percentage of pVO 2 max and when adjusting for FFM. Wade et al. (32) and Hickey et al. (13) suggested that the difference could be related to a higher percentage of type 2 muscle fibers which oxidize carbohydrates preferentially over fats. Since genetics appears to have a more salient role than training in the maximal metabolic rates of children (2), our results are appropriate.
Regardless of gender or pubertal status, carbohydrate oxidation rates were higher in the overweight group compared with the normal weight group, but fat oxidation rates varied by pubertal and weight status in the boys. Despite pubertal and weight status differences in fat oxidation, the differences in respiratory exchange rates (RER) between groups were small ( Table 2 ). The greater carbohydrate oxidation in the overweight children follows a trend reported by Wade et al. in adult men (32) , who noted that during moderate intensity exercise, as body fat content increased RER also increased, suggesting a greater reliance on carbohydrate and less reliance on fats for energy. However, Wade et al. based their conclusion on three factors: 1) they used RER to calculate substrate, rather than computing substrate from liters of O 2 and CO 2 per gram of fuel, 2) men who had normal or near-normal percentages of body fat (5-27%) with few truly overweight men with >20% body fat, and 3) exercise at an absolute workload; not taking percentage of maximal capacity into consideration. Thus, our data extends the conclusions of Wade et al. to include significantly overweight girls and boys. Furthermore, adds to the findings of Wade et al. in that these differences hold constant when accounting for relative intensity or pubertal status in children.
General Comments. Two decades ago Wade et al. (32) proposed that fatter men use less fat at a given workload. They based their findings on respiratory exchange ratio (RER) data. Later, Geerling et al. (11) using postprandial conditions similar to ours, found no relationship between bodyfat and substrate utilization in men. They also used RER values. When comparing the RER values between normal and overweight children in our study, the differences were not statistically significant in most cases and there was great variability. In contrast, oxidation rates of carbohydrate were statistically higher in our overweight youth compared with the normal weight youth. Perhaps in youth, RER may not be representative of the true nature of substrate oxidation. In support, aposteriori we examined the relationship between RER and body fat at each speed, adjusting for percent of pVO 2 max and gender. When doing so, percentage of body fat was not significantly related to RER at any speed (R 2 < .02; p > .23). Thus, to obtain a more accurate representation of metabolism than RER provides, substrate oxidation rates should be calculated based on VO 2 and VCO 2 , as done in the present investigation and many other studies (17, 24, 30, 31, 35, 36) . This approach accounts for any variation in the sources of fat or carbohydrate oxidized and the liters of O 2 and CO 2 per gram of fuel (10, 36) .
In conclusion, our results indicate that overweight girls, regardless of pubertal status have higher metabolic rates than normal weight girls; similar to previous studies of boys. As the intensity of exercise increases, the additional energy demands are met by increasing the oxidation of carbohydrates and not increased fat use; also similar to boys. Our results indicate that although the overall carbohydrate oxidation rate (g/min) is higher in pubertal compared with prepubertal children, prepubertal children oxidize carbohydrates at a greater rate per kilogram FFM than pubertal children. Furthermore, pubertal status of early adolescent girls does not appear to impact fat oxidation during submaximal and near-maximal exercise, but pubertal boys oxidize less fat than prepubertal boys. Finally, in contrast to what we expected, there appears to be minimal interaction between obesity, pubertal status, gender and substrate use during exercise.
Our results have a practical application in that our children were only threehours postprandial and in the real world, children eat meals and then exercise; few actually exercise after overnight fasts. In addition, girls exercise in both phases of the menstrual cycle. Thus, our findings are relevant and highlight three possible applications. First, when performing moderate to high intensity exercise overweight girls and boys, regardless of pubertal status tend to oxidize similar amounts of fats as normal weight children. The additional energy comes from carbohydrates. As such, clinicians should not expect additional fat utilization even though energy costs may be greater for a given activity in overweight children. Second, since overweight girls and boys rely more on carbohydrates that normal weight children during exercise, and Flatt (9) has shown that excess carbohydrate use during exercise stimulates excessive carbohydrates intake to reestablish balance, weight loss via exercise may be more difficult for overweight children. Finally, exercise programs for overweight girls or boys should use low-to-moderate intensities of exercise (~40% VO 2max ) to facilitate fat oxidation. Such intensities could allow overweight children to comfortably participate in physical activities for longer periods of time, while not stimulating excessive intake of carbohydrate to reestablish balance.
